The initial adaptive responses to nutrient depletion in bacteria often occur at the level of RNA metabolism. Hfq is an RNA-binding protein present in diverse bacterial lineages and contributes to many different aspects of RNA metabolism. We demonstrate that Hfq forms a distinct and reversible focus-like structure in E. coli specifically experiencing long-term nitrogen (N) starvation. Using the ability of T7 phage to replicate in N starved bacteria as a biological probe of E. coli cell function during N starvation, we demonstrate that Hfq foci have a role in the adaptive response to long-term N starvation. We further show that Hfq foci formation does not depend on gene expression during N starvation and occurs independently of the N regulatory protein C (NtrC) activated initial adaptive response to N starvation. The results serve as a paradigm to demonstrate that bacterial adaptation to long-term nutrient starvation can be spatiotemporally coordinated and can occur independently of de novo gene expression during starvation.
Introduction
Bacteria in their natural environments seldom encounter conditions that support continuous growth. Hence, many bacteria spend the majority of their time in a state of little or no growth, because they are starved of essential nutrients including carbon, nitrogen and transitional metals. To maximise chances of survival during prolonged periods of nutrient starvation and facilitate optimal growth resumption when nutrients become replenished, bacteria have evolved complex adaptive strategies. Bacteria initially respond to nutrient deficiency by remodelling gene expression through the synthesis and degradation of RNA. Nitrogen (N) is an essential element of most macromolecules in a bacterial cell, including proteins, nucleic acids and cell wall components. Thus, unsurprisingly, when Escherichia coli cells experience N starvation, they attenuate growth and elicit nitrogen stress response (Ntr response). The Ntr response is activated by the transcription factor N regulatory protein C (NtrC) concomitantly with N run out. By directly activating the transcription of relA, the gene responsible for the synthesis of the major bacterial stress signalling nucleotide guanosine pentaphosphate, NtrC couples the Ntr response with the stringent response (1) and thereby induces a rapid and large-scale reprogramming of cellular processes to adjust to N starvation. The Ntr response primarily involves the synthesis of proteins associated with transport, and assimilation of nitrogenous compounds into glutamine and glutamate, either catabolically or by reducing the requirement for them in other cellular processes (1) (2) (3) (4) .
Small regulatory (non-coding) RNA molecules (sRNAs) play an important part regulating the flow of genetic information in response to nutrient starvation in many bacteria Δ hfq bacteria to support T7 replication. Put simply, we reasoned that as T7 heavily relies on bacterial resources for replication, any perturbations to these resources due to a dysfunctional ability to adjust to N starvation (i.e. in Δ hfq bacteria) could have a negative impact on the efficacy of T7 replication. We thus compared the time it took for T7 to decrease the starting density (OD 600nm ) of the culture of WT bacteria at the onset of N starvation (N-) and at N-24 by ~50% (T lysis ) following infection. We did this by resuspending bacteria from N-and N-24 in media containing ~3 mM NH 4 Cl and T7 phage (NH 4 Cl was added to re-activate cellular processes that might be required for T7 infection, but might have become repressed upon N starvation). As shown in Fig. 2A , the T lysis of a culture of WT bacteria at N-and N-24 was ~62 min and ~106 min, respectively. The T lysis of Δ hfq bacteria infected at N-was delayed by ~17 min compared to WT bacteria and this resulted in moderate growth of the Δ hfq bacterial culture before cell lysis was detectable ( Fig.  2A ). Strikingly, however, T7 replication was substantially compromised in Δ hfq bacteria infected at N-24 ( Fig. 2A ) and detectable lysis of Δ hfq bacteria at N-24 was delayed by ~83min compared to WT bacteria. This delay in lysis of Δ hfq bacteria at N-24 was partially reversible to that seen in WT bacteria when hfq was exogenously supplied via a plasmid (Fig.   2B ). We next investigated whether the observed difference in T lysis was specific to N starvation. Hence, we measured T lysis in carbon (C) starved WT and Δ hfq bacteria. This was achieved by growing bacteria for 24 h in minimal growth media with limiting amount of C (0.06% (w/v) of glucose instead of 0.4% (w/v) of glucose) and excess NH 4 Cl (10 mM instead of 3mM). Under these conditions, the bacteria run out of C and thus become C starved before the source of N is completely consumed. As shown in Fig. 2C , the dynamics of lysis of the bacterial culture immediately following onset of C starvation (C-) and N-were indistinguishable. However, interestingly, experiments with 24 h C starved bacteria (C-24), did not produce a difference in T lysis between WT and Δ hfq bacteria (Fig. 2C) as seen with N-24 bacteria ( Fig. 2A) . Clearly, the compromised ability of T7 to replicate in N-24 bacteria is specific to N starvation. The results also suggest that the compromised ability of T7 to replicate in the Δ hfq strain was not due to a requirement of T7 for Hfq for replication per se and that the ability of T7 to replicate in N starved E. coli is a faithful reporter of E. coli cell function during N starvation. Additional experiments with the Δ rpoS strain revealed that the compromised ability of T7 to replicate in Δ hfq bacteria at N-24 was not due to an indirect effect of the absence of Hfq on rpoS (Fig. 2D ). This is consistent with the view that the loss of viability of Δ hfq bacteria as a function of time under N starvation was not due to loss of rpoS activity (Fig. 1B) . Overall, we conclude that the compromised ability of T7 to replicate in long-term N starved Δ hfq bacteria is due to a dysfunctional ability of mutant bacteria to adapt to long-term N starvation.
Hfq molecules assemble into foci-like structures in long-term N starved E. coli cells
To better understand the role of Hfq during long-term N starvation in E. coli, we used photoactivated localisation microscopy combined with single-molecule tracking to study the intracellular behaviour of individual Hfq molecules in live E. coli cells. To do this, we constructed an E. coli strain containing photoactivatable mCherry (PA-mCherry) fused Cterminally to Hfq at its normal chromosomal location. Control experiments established that the ability of (i) PA-mCherry-tagged Hfq bacteria to survive N starvation was indistinguishable from that of WT bacteria ( Fig. S1 ) and (ii) T7 phage to replicate in 24 h N starved bacteria containing PA-mCherry-tagged Hfq was indistinguishable from that of WT bacteria (Fig. S2 ). These results thus indicate that the presence of the PA-mCherry tag on Hfq did not compromise its function under our experimental conditions. We used the apparent diffusion coefficient (D*) of individual Hfq-PAmCherry molecules, calculated from the mean squared displacement of trajectories, as a metric for the single molecule behaviour of Hfq. As shown in Fig. 3A and 3B, in bacteria at N+ and N-, the D* values of Hfq molecules were largely similar (though we note that our D* values were ~6-fold lower than those measured by Persson et al (25) with Dendra2-tagged Hfq in exponentially growing E. coli in lysogeny broth, our measurements are largely consistent with those measured by Park et al (26) with mMaple3 tagged Hfq in E. coli growing in defined in minimal media). In bacteria at N-24, we detected a large increase in the proportion of molecules with a lower D*. Strikingly, this was due to Hfq forming a single focus-like feature (~360 nm in diameter), which was present usually, but not exclusively, at a cell pole (Fig. 3C ). These features, hereafter referred to as the Hfq foci, were seen in ~90% of the cells from N-24 that we analysed. The D* value of the majority (~75%) Hfq molecules within the Hfq foci was <0.08 ( Fig. S3 ). We collated the D* values of multiple fields of view (typically containing ~50-300 bacterial cells per field of view) to maximise our data pool. We then used a D* of <0.08 as a threshold to define the relatively immobile population of Hfq molecules within the bacterial cells within the field of view imaged (typically ~50-300 bacterial cells). We then calculated the proportion of all Hfq molecules within this immobile population as a percentage of total number of tracked Hfq molecules within all the bacterial cells within the same field of view imaged to derive a value (%H IM ) to indirectly quantify the efficiency of foci formation by Hfq under different conditions. In other words, cells containing detectable Hfq foci will have an increased %H IM compared to cells without detectable Hfq foci. According to this criteria, the %H IM values were ~14, ~16, and ~44 in bacteria at N+, N-and N-24, respectively.
The Hfq foci, once formed, persisted for at least 168 h under N starvation ( Fig. S4 ).
We did not detect any foci under identical experimental conditions in N-24 bacteria in E. coli strains with PAmCherry fused to RNA polymerase, MetJ (the DNA binding transcriptional repressor of genes associated with methionine biosynthesis, which is similar in size to Hfq), 1 0 levels of Hfq did not increase over 24 h under N starvation (when foci have formed). This suggests that the Hfq foci seen in E. coli from N-24 are unlikely to be due to accumulation of Hfq as N starvation ensued. To determine whether the foci represent aberrant aggregates of Hfq molecules, we obtained the fraction of aggregated proteins in bacteria from N+, N-and N-24 (as described in (30)) and attempted to identify Hfq by immunoblotting with anti-PAmCherry-tag antibodies following separation of the samples on a sodium dodecyl sulphate polyacrylamide gel. As shown in Fig. S9 Fig. 4A , no Hfq foci were detected in bacteria that had been N starved for up to 3 hours (i.e. at N-3). However, in bacteria that have been starved of N for ~6 h (N-6), we began to detect clustering of Hfq resembling Hfq foci and by N-12 discernible Hfq foci were clearly seen ( Fig. 4A ). Strikingly, a substantial increase in Δ T lysis occurred concomitantly with the assembly of Hfq into the foci 18 and 24) . We conclude that that Hfq foci formation is a process that occurs gradually over the course of N starvation in E. coli and that Hfq foci contributes to adapting E. coli cell function as N starvation ensues.
Hfq foci are reversible
We next considered that if Hfq foci formation is a direct response to long-term N starvation, then the foci should dissipate when long-term N starved bacteria are replenished with N. To explore this, we harvested N starved (hence growth attenuated) bacteria at N-24 and inoculated them into fresh growth media. This, as expected, resulted in the resumption of growth and we detected the dissipation of the Hfq foci just ~1 h after inoculation in fresh N replete growth medium ( Fig. 5A ). To establish whether the dispersion of the Hfq foci was a direct response to the presence of N or because of resumption of growth, we repeated the experiment and inoculated bacteria from N-24 either into fresh growth media that was devoid of either N or C, which, could not support the resumption of growth. In media devoid of N (but one that contained C), we failed to detect the dissipation of the Hfq foci even after ~3 h after inoculation ( Fig. 5B ). However, strikingly, the Hfq foci begun to dissipate upon inoculation into media that only contained N but not C ( Fig. 5C ). Thus, we conclude that the Hfq foci are reversible and that their formation and dissipation are a direct response to the availability of N. Further, the reversibility of the Hfq foci also serves to alleviate concerns that the formation of the Hfq foci are due to the inherent tendency of some mCherry tagged proteins to aberrantly aggregate (35).
Hfq foci formation occurs independently of the Ntr response in long-term N starved E. coli
The results thus far suggest that foci formation by Hfq is involved in adapting to long-time N starvation. We next wanted to find out whether Hfq foci formation was part of the NtrC activated Ntr response, which is the initial major response to N deficiency. As the Ntr response primarily manifests in global changes in gene expression in response to N starvation, we investigated whether perturbing the transcriptional and translational response with the RNA polymerase inhibitor rifampicin and 50S ribosomal protein inhibitor chloramphenicol, respectively, affected Hfq foci formation. As shown in Fig. 6A and 6B, the addition of 100 μ g/ml rifampicin or 150 μ g/ml chloramphenicol to bacteria prior to N-(ND; Fig. 1A ) or 1 h after N-(N-1) did not markedly affect Hfq foci formation following long-term N starvation (i.e. at N-24) compared to untreated cells. The observation that Hfq foci still form 24 h following N starvation when transcription or translation is perturbed at ND suggests that Hfq foci formation occurs independently of (and subsequently to) the Ntr response. Consistent with this view, the observation that Hfq foci still form 24 h following N starvation when transcription or translation is perturbed at N-1, i.e. once N has run out and bacterial growth has attenuated as a consequence, suggests that Hfq foci formation does not depend on de novo transcription or translation once N starvation has set in. Based on these two observations, we expected that Hfq foci formation would be unaffected when the Ntr response is specifically perturbed. Hence, we measured the dynamics of Hfq foci formation in mutant bacteria devoid of NtrC (ΔglnG) -the master transcriptional regulator of the Ntr response. As previously reported, the absence of NtrC does prevent E. coli to grow under our experimental conditions, although mutant bacteria grew with a moderately slower doubling time than WT bacteria (1). As shown in Fig. 6D , Hfq foci were detected in Δ glnG bacteria in response to N starvation at N-24, although, the Hfq foci appeared to form moderately faster in the mutant bacteria compared to WT bacteria ( Fig. 6C ; also see Fig. S11 ). The absence of NtrC also did not affect the ability of the Hfq foci to dissipate when the N starvation stress was alleviated ( Fig. 6D ). Further, as shown in Fig. 6E and Fig. 6F , respectively, the absence of downstream effectors of the Ntr response, RelA or RpoS, also did not markedly affect Hfq foci formation at N-24, (though foci formation occurred moderately slower in mutant bacterial compared to WT bacteria ( Fig. S11 ) or dissipation when the N starvation stress was alleviated. We also note that the Hfq foci in some Δ relA and Δ rpoS bacterial cells at N-24 were either absent or irregularly shaped compared to WT bacteria (compare Fig. 6C with Fig.   6E and 6F; also see Fig. S11 ). Collectively, the results demonstrate that Hfq foci formation is a response to long-term N starvation that occurs independently of the Ntr response and de novo gene expression once N starvation has set in.
Conclusion
Although the adaptive response to N starvation in E. coli has been well investigated, many of these studies have been conducted with bacteria subjected to short-term N starvation (e.g. (4, 19, (36) (37) (38) ). This study has provided insights into how the adaptive response to N starvation can be subjected to temporal coordination as N starvation ensues for a long time and has assigned a critical role for the RNA binding protein Hfq in this process. This study has uncovered that, as N starvation ensues, Hfq forms a single and reversible focus-like structure in long-term N starved E. coli cells, which is markedly distinct from clustering of Hfq molecules seen previously in E. coli under different growth or stress conditions (18, 31, 32) .
Significantly, the formation of the Hfq foci occurs independently of (i) the NtrC activated Ntr response, which occurs at the onset of N starvation and (ii) de novo gene expression in bacteria experiencing N starvation. As Hfq is a global regulator of bacterial cell function, it is difficult to unambiguously separate, at this stage in our analyses, the other functions of Hfq from its specific role in the adaptive response to long-term N starvation in mechanistic detail.
Although future work will now focus on defining the composition and organisation of the Hfq foci, the experiments with T7 unambiguously indicate that the Hfq foci contribute to adapting E. coli cell function as N starvation ensues. We speculate that the Hfq foci could be a ribonucleoprotein complex which degrade unwanted RNA molecules to release N from the nitrogenous RNA molecules or sequester cellular resources to maximise the chances of survival as N starvation conditions ensue. Thus, the absence of Hfq foci could result in the 'mismanagement' of cellular processes as N starvation ensues. Such a scenario would explain the inability of T7 phage, which heavily relies on host bacterial resources, to replicate in N-
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Δ hfq bacteria where the Hfq foci cannot form. It is thus tempting to speculate that the Hfq foci resemble ribonucleoprotein complexes observed in stressed eukaryotic cells, which are involved in broad aspects of managing RNA metabolism as direct response to stress (39-41).
Indeed, the gradual accumulation of the Hfq foci as a function of time under N stress, their size and their dissipation upon alleviation of the N stress are some of the properties Hfq foci share with ribonucleoprotein complexes observed in stressed eukaryotic cells.
In summary, a recent study by Kannaiah et al (18) and this study have now independently shown that Hfq has the propensity to assemble into foci like structures in E.
coli experiencing stress. In case of the former study, the Hfq foci formed to locate small RNAs at the poles of the cells as a mechanism of spatiotemporal regulation of gene expression in response to envelope stress. The spatiotemporal regulation of bacterial processes is an emerging area of research in bacteriology and the Hfq foci described in this study represents a mechanism to spatiotemporally manage cell function during long-term N starvation. Importantly, this study has also indicated that adaptive processes in nutrient starved and growth attenuated bacteria can occur independently of de novo gene expression and major regulatory pathways that have evolved to allow bacteria adapt to nutrient stresses.
Material and Methods
Bacterial strains and plasmids 1 6
All strains used in this study were derived from Escherichia coli K-12 and are listed in Supplementary 
Photoactivated localization microscopy (PALM) and single molecule tracking (SMT)
For the PALM and SMT experiments, the Hfq-PAmCherry (and derivatives), KF26, MetJ-PAmCherry and ProQ-PAmCherry reporter strains were used. The bacterial cultures were grown as described above and samples were taken at the indicated time points, then imaged and analysed as previously described (43, 47 lasers. For SMT, the Nanoimager software was used to localize the molecules by fitting detectable spots of high photon intensity to a Gaussian function. The Nanoimager software SMT function was then used to track individual molecules and draw trajectories of individual molecules over multiple frames, using a maximum step distance between frames of 0.6 μ m and a nearest-neighbour exclusion radius of 0.9 μ m. The software then calculated the apparent diffusion coefficients (D*) for each trajectory over at least four steps, based on the mean squared displacement of the molecule.
Immunoblotting
Immunoblotting was conducted in accordance to standard laboratory protocols (48). The following antibodies were used: mouse monoclonal anti-DnaK 4RA2 at 1 : 10, 000 dilution (Enzo, ADI-SPA-880) and HRP Goat anti-mouse IgG (BioLegend, 405306) at 1 : 10, 000 dilution. ECL Prime Western blotting detection reagent (GE Healthcare, RPN2232) was used to develop the blots, which were analysed on the ChemiDoc MP imaging system and bands quantified using Image Lab software.
Purification of insoluble protein fractions
Insoluble protein fractions were purified exactly as previously described (30) (48). To obtain whole cell extracts, bacterial pellets were resuspended in 40 µl of Buffer A (with no lysozyme) and 50 µl of 2x lithium dodecyl sulphate loading dye was added before boiling the sample for 5 min and analysis using sodium dodecyl sulphate polyacrylamide gel separation as above.
T7 phage infection assay
Bacterial cultures were grown in Gutnick minimal media as described above to the indicated time points. Samples were taken and diluted to OD 600nm of 0.3 in Gutnick minimal media containing ~3 mM NH 4 Cl to a final volume of 500 μ l and transferred to a flat-bottom 48-well plate together with T7 phage at a final concentration of 4.2x10 9 phage/ml. Cultures were then grown at 37 °C, shaking at 700 r.p.m. in a SPECTROstar Nano Microplate Reader (BMG LABTECH) and OD 600nm readings were taken every 10 mins. 
